Abstract. Emerging evidence indicates that microRNAs (miRNAs), a class of small non-coding RNAs, are involved in a number of biological processes. The results of SOLiD™ sequencing were used to analyze differentially expressed miRNA profiles in the plasma and placenta of patients with preeclampsia (PE) and a subject who had had a pregnancy without complications. miRNAs were identified that were consistently expressed in the placenta, following normalization of the raw data. miRNAs that had increased and differential expression were selected, as defined by percentage >0.02% and a log2 fold change ≥|1.2|, respectively. This process was repeated in the plasma. Twenty such miRNAs were identified. These were: miR-126, miR-126*, miR-130a, miR-135b, miR-142-3p, miR-149, miR-188-5p, miR-18a, miR-18b, miR-203, miR-205, miR-224, miR-27a, miR-29a, miR-301a, miR-517c, miR-518-3p, miR-518e, miR-519d and miR-93. These miRNAs belonged to 13 clusters or families. However, only four clusters or families involved two or more of these miRNAs. These were the mir-16 cluster, the mir-17 family, the mir-130 family and the mir-517 family. These abnormally-expressed miRNAs and miRNA gene clusters or families are known to be involved in a number of biological processes. Gene enrichment analysis was used to investigate the pathways involved in the development of PE. In conclusion, the miRNAs identified in this study as being abnormally expressed in PE, may be useful as non-invasive diagnostic biomarkers. Co-regulated mRNAs and possible causal pathways involved in the pathogenesis of PE were also identified.
Introduction
Preeclampsia (PE) is a vascular disorder, which presents with hypertension and proteinuria during pregnancy. It is a consequence of a number of pathophysiological processes, including endothelial dysfunction and systemic inflammation. It is a key risk factor for maternal and fetal morbidity and mortality worldwide (1) (2) (3) . Although the exact mechanisms underlying the development of PE remain unclear, disorders of maternal tissue, and maternal obesity and insulin resistance are likely to be involved. Pathological manifestations associated with this condition include poor placentation, shallow placental invasion and abnormal angiogenesis. (4) (5) (6) (7) .
MicroRNAs (miRNAs) are single-stranded non-coding RNAs (ncRNAs) composed of 18-24 nucleotides. They contribute to numerous biological regulatory processes, such as tumorigenesis, cell proliferation, cell differentiation and apoptosis, by inducing the silencing of target messenger RNAs (mRNAs) (8) (9) (10) (11) . During the formation of these molecules two types of intermediate miRNA are created: Primary miRNA (pri-miRNA) and precursor miRNA (pre-miRNA). pri-miRNA, a long transcript from the 3'-untranslated region, is cleaved by the Drosha enzyme to form pre-miRNA in the nucleus. The cytoplasmic enzyme, Dicer, then processes pre-miRNA into mature miRNA. The RNA-induced silencing complex is then generated by the miRNA and catalyzes cleavage of a single phosphodiester bond on the mRNA target (12) (13) (14) . Differentially expressed miRNAs are involved in certain human diseases and may have a use as biomarkers of these conditions (6, (15) (16) (17) (18) . For example, upregulated miR-155 is known to be a risk factor for PE, via its regulation of cysteine-rich angiogenic inducer 61 (19) .
Recently, a number of studies have suggested that differentially expressed miRNAs may be involved in the development of PE, since the biological processes involving these miRNAs have been demonstrated to be similar to those involved in PE (20) (21) (22) . miRNAs may be useful as biomarkers for the diagnosis of PE. However, the results from microarray studies are inconsistent, and thus further investigation is required in order to reliably use this method of analysis in clinical practice. For example, miR-182 exhibited different levels of expression levels in two different studies (21, 22) . Therefore in the present study, sequencing technology was used to detect the differentially, highly and consistently expressed miRNAs that may be associated with the development of PE. miRNA expression was measured in the plasma and placenta of patients with mild and severe PE. Based on the results of these experiments, a genome-wide screen for the deregulated miRNAs was conducted. Simultaneously, the miRNA gene clusters or families to which these miRNAs belong were defined. Functional enrichment analyses were conducted in order to predict the pathways involved in PE and the interaction between the target mRNAs.
Materials and methods
Sample collection and small RNA sequencing. Samples were obtained from five subjects who had delivered by elective cesarean section. They comprised four patients with PE and one subject with a pregnancy without complications, who were recruited from Zhongda Hospital (Nanjing, China). The study protocol was approved by the Research Ethics Board of Zhongda Hospital. Written informed consent was obtained prior to blood sample collection. Maternal plasma and placenta samples were collected from a normal pregnant female and the patients with PE. Two patients were diagnosed with mild PE (mPE group) and two with severe PE (sPE group; Table Ⅰ Raw sequencing datasets were obtained from other ncRNAs, including small nucleolar RNAs, transfer RNAs and ribosomal RNAs. Remaining reads were mapped to the known human pre-miRNAs in the miRBase database (Release 16.0, http://www.mirbase.org/) with Bowtie 0.12.7 (23) . Regardless of the adaptor sequence, only one mismatch was permitted.
Identification of differentially expressed miRNAs and their targets. Raw data was normalized. The percentage of each miRNA from a single sample was taken as its expression level. miRNAs that were consistently expressed in all samples were selected, as these were assumed to be deregulated in patients with mild and severe preeclampsia. Differentially-and highly-expressed miRNAs were identified. Highly expressed miRNA were defined as those where the percentage of the expression levels in a single sample was >0.02. When the difference of the logarithmic value of the level of an miRNA between patients with PE and the subject with a normal pregnancy was >1.2 or <-1.2, it was defined as a deregulated miRNA. Differentially and highly expressed miRNAs in the plasma and placenta were thus selected for further analysis. Gene clusters or families of deregulated miRNAs were identified by miRBase (23) . Three datasets, including miRanda, TargetScan and miRTarBase, were used to identify the targets of deregulated miRNAs (24) (25) (26) . One target was found in at least two datasets. The use of more than one dataset was employed in order to reduce the rate of false positive results.
Functional enrichment analysis. The targets of common miRNAs were investigated by functional enrichment analysis. mRNAs in which the frequency of targeting by miRNAs was ≥2 were enriched by the Gene Ontology Biological Process (GOBP) database and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (27) . P-values represented the probability of the involvement of the pathways enriched by the genes. q values represent the false discovery rate (28). P<0.05 was considered to indicate a statistically significant difference. The targets identified by this process may have a causal role in the development of PE.
Results

Deregulated miRNAs and their families.
The total number of miRNAs detected was 905. The number of miRNAs consistently expressed in placenta and plasma were 734 and 269, respectively. Highly-expressed miRNAs were selected from these groups in the placenta and plasma (159 and 109, respectively). In the placenta, 71 differentially-expressed miRNAs (26 upregulated and 45 downregulated) were identified (Fig. 1A) . In the plasma, 94 differentially-expressed miRNAs (81 upregulated and 13 downregulated) were identified (Fig. 1B) . Notably, the abnormally-expressed miRNAs observed in the plasma and placenta were all upregulated, including miR-126, miR-126*, miR-130a, miR-135b, miR-142-3p, miR-149, miR-188-5p, miR-18a, miR-18b, miR-203, miR-205, miR-224, miR-27a, miR-29a, miR-301a, miR-517c, miR-518-3p, miR-518e, miR-519d and miR-93 (Table Ⅱ) . Although expression levels were abnormal, they differed between the placenta and plasma (Fig. 2) . The miRNAs identified, were members of 13 gene families or clusters, of which four families contained two or more of these aberrantly expressed miRNAs: miR 126, miR-126 and miR-126*; mir 17 family, miR-18a, miR-18b and miR-93; miR 130 family, miR-130a and miR-301a; and miR 515 family, miR-517*, miR-518a-3p, miR-518e and miR-519d. miRNAs involving the same family exhibited different expression levels (Fig. 3) . These deregulated miRNAs were selected from 905 miRNAs following three experimental processes; therefore they may have been the causal miRNAs and their families may be the causal gene families.
Target mRNAs and gene enrichment analysis.
The targets of deregulated miRNAs were predicted from three datasets, in order to increase the accuracy of this prediction. 3,818 mRNAs were identified as targets of the 20 deregulated miRNAs. 1,215 mRNAs were found to be regulated by ≥2 miRNAs. Adaptor-associated protein 1 (AAK1), ankyrin 
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repeat domain 2, F-Box protein 45, LOCR, nuclear factor I/B, neuropilin 2, phosphatase and tensin homolog (PTEN) and ring finger protein, LIM domain were found to be regulated by six or more deregulated miRNAs (Table Ⅲ) . It is hypothesized that these mRNAs were therefore associated with the development of PE. Within the same gene family, these miRNAs may regulate similar targets, and may thus be involved in similar biological processes (Fig. 4) . Furthermore, these mRNAs were investigated using gene enrichment analysis by GOBP and KEGG (Tables Ⅳ and Ⅴ) . From GOBP, these targets were enriched into 1,337 pathways, amongst which 1,013 significant targets were identified (P<0.05). Targets (200) were enriched in the regulation of transcription (GOBPID: 0006355), which may be one of the causal pathways in the pathogenesis of PE. In addition, 75 significant pathways were identified from 119 pathways from the KEGG database. Focal adhesion, in which including 37 targets were enriched, may be another pathway involved in this disease process. Although the enrichment theories of GOBP and KEGG differed, the pathways enriched by each of them were essential.
Discussion
It was clear that the expression of miRNAs in the placenta was higher than that in the plasma. In addition, accounting for cluster analysis, the expression patterns in the placentas of the two patients with mild PE were more similar that those of the patients with severe PE. Therefore, the classification of the placenta should be performed prior to the analysis of plasma. However, miRNAs detected in plasma are more readily available as a non-invasive biomarker for screening in PE (29, 30) . It therefore appears logical to focus on those biomarkers that are deregulated in the plasma and placenta, and which are thus accessible and also discriminative.
Furthermore, a single miRNA may be expressed to a different degree between patients and between different tissues in the same patient. Common miRNAs may be utilized as non-invasive biomarkers, particularly in placental diseases and PE (30, 31) . miR-126 is generated from the EGFl 7 gene in mice and is known to indirectly increase the actions of proangiongenic factors, vascular endothelial growth factor (VEGF) and fibroblast growth factor by diminishing Spred-1 (32) (33) (34) . Increased levels of proangiogenic factors may promote the development of PE (35) . The deregulation of miR-126 in this disease may suggest a high level of expression of certain proangiogenic factors, and the consistency of expression further indicates that miR-126 is important in the pathogenesis of PE. Furthermore, certain deregulated miRNAs are related to the development of hypoxic trophoblasts which may be essential in the pathogenesis of PE (36, 37) . For example, when the trophoblast is exposed to hypoxia, miR-205 depresses mediator of RNA polymerase II transcription subunit 1 (MED1), improving placental development. This indicates that it is essential in trophoblast injury (32, 38) . In the present study, the consistently upregulated expression of this miRNA in patients with mild and severe preeclampsia provides further evidence for this hypothesis. Thus, the deregulated miRNAs may influence the development and generation of PE through regulation of their various targets, including VEGF and MED1.
The predicted targets and their downstream pathways are therefore also likely to be important factors in the development of PE. It is likely that the predicted targets are associated with PE as well as other diseases of pregnancy. For example, VEGFA, regulated by miR-126, miR-203, miR-205, miR-29a and miR-93, contributes to the development and maintenance of the glomerular filtration barrier (39) . VEGF expression may reflect the degree of hypoxia in the placenta, which may also be the case for miR-126 (40) . Therefore, miR-126 and VEGF may be a causal miRNA-mRNA module in the development of PE. This association requires verification in future studies. Although the enrichment aims of GOBP and KEGG differed, the pathways enriched by each were essential for the improvement in the diagnosis and treatment of PE. PTEN is regulated by six significant miRNAs, and was identified as being involved in the pathways of focal adhesion and prostate cancer by KEGG, and the pathway of protein amino acid phosphorylation by GOBP. Over-expression of PTEN induces soluble endoglin release from endothelial cells. This triggers endothelial dysfunction, a characteristic feature of PE (41) . In an integrative view, gene enrichment analysis associates disease mechanisms with predicted targets. Notably, these enriched pathways are likely to be associated with the immune response, although one target is involved in different processes (21) . The insulin signaling pathway may be associated with PE, as a second messenger of insulin is known to be involved in this disease (7) .
In conclusion, the 20 deregulated miRNAs identified in the current study may be useful as non-invasive biomarkers. The pathways enriched from their targets and their gene clusters or families are likely to be involved in the development of PE.
